Introduction This study sought to assess whether the use of thoraco-pelvic supports during prone positioning in patients with acute lung injury/acute respiratory distress syndrome (ALI/ ARDS) improves, deteriorates or leaves unmodified gas exchange, hemodynamics and respiratory mechanics.
Introduction
Prone positioning is used and recommended as a rescue maneuver to improve arterial oxygenation in adult patients with acute lung injury (ALI), acute respiratory distress syndrome (ARDS) [1, 2] or chronic obstructive pulmonary disease [3] , although its benefits with regard to outcome are not proven [4, 5] .
Improved oxygenation implies, by definition, improvement of the ventilation/perfusion ratio. This can be achieved through different mechanisms, not mutually exclusive, each ALI = acute lung injury; ARDS = acute respiratory distress syndrome; BSA = body surface area; EELV = end-expiratory lung volume; PEEP = positive end-expiratory pressure.
documented in the literature: (1) a more uniform distribution of alveolar inflation/ventilation, due to the lower gradient of transpulmonary pressure resulting from the changes in chest wall mechanics, with perfusion being less affected [6] [7] [8] [9] ; (2) a greater recruitment of the dorsal lung regions in comparison with the derecruitment of the ventral lung regions when changing from the supine to the prone position [10] ; (3) an overall increase in end-expiratory lung volume (EELV) as a result of the more favorable position of the diaphragm [11] . Douglas and colleagues [12] used supports under the ribcage and the pelvis of patients with respiratory failure, to prevent their abdomen from bearing the entire weight of the torso. Indeed, some authors have advocated the use of thoraco-pelvic supports to avoid an increase in intra-abdominal pressure, which could limit diaphragm excursion and, consequently, alveolar ventilation in the most dependent lung regions [13, 14] . A survey study, in 29 intensive care units, found that thoraco-pelvic supports were routinely applied in 18 of them [15] .
However, the use of thoraco-pelvic supports in the prone position has potential drawbacks, such as the possibility of developing pressure sores at the contact surfaces [16] . Because the effectiveness of this intervention is debated, in the present study we set out to investigate whether the use of thoraco-pelvic supports on patients with ALI/ARDS improves, worsens, or has no effect on respiratory mechanics, gas exchange, and hemodynamics.
Materials and methods

Study population
Eleven consecutive intubated patients with ALI/ARDS, defined in accordance with standard criteria [17] , were included in the study. None of them had a history of chronic obstructive pulmonary disease, heart failure or severe head trauma. Their main clinical characteristics are summarized in Table 1 . After completing the study and analyzing the data we realized the possible importance of the contact pressures. We therefore measured the contact pressures directly in four healthy volunteers with or without the thoraco-pelvic supports.
The study was approved by the Institutional Review Board of our hospital. Informed consent, because the patients were incompetent, was obtained in accordance with Italian national regulations (waived consent).
Study design
The patients were first studied in the supine position (1-hour baseline). Subsequently, they were studied in the prone position for 2 hours, for 1 hour with supports and for 1 hour without, in a randomized manner (see flow diagram in Figure 1 ) for a total duration of 3 hours study time.
The patients were lying on air-cushioned beds (Total Care ® ; Hill Rom Services Inc., Batesville, IN, USA). In the supine position and in the prone position without supports, the body of each patient was in direct contact with the mattress. In prone position with supports, a roll was placed under the cranial part of the ribcage and a pillow under the pelvic region, so that most of the body weight rested on them. The thoraco-pelvic supports were placed so as to allow free abdominal movements (see Figure 2 and Table 2 ).
The patients were studied while sedated with fentanyl (1.5 to 5.5 µg/kg per hour) and midazolam (4 to 8 mg/hour), paralyzed with pancuronium bromide (0.05 to 0.1 mg/kg per hour) and ventilated in volume-control mode with a Servo Ventilator 300 C (Siemens, Solna, Sweden). Mechanical ventilation was set by the attending physician on a clinical basis and remained unchanged throughout the study periods. The baseline mean tidal volume was 565.3 ± 160.5 ml (7.2 ± 1.4 ml/kg IBW , where IBW stands for ideal body weight; means ± SD), respiratory rate was 17.1 ± 3.5 breaths/minute, inspiratory oxygen fraction was 0.43 ± 0.04, positive end-expiratory pressure (PEEP) was 10.8 ± 1.8 cmH 2 O, and plateau pressure was 22.4 ± 4.3 cmH 2 O.
Fluids, drug infusions and ventilator settings remained unchanged throughout the whole study period.
Measurements
Contact pressures
The pressures between the air-cushioned beds or thoraco-pelvic supports and the body (namely, the contact pressures) were measured in four healthy volunteers (age 28.7 ± 4.9 years, weight 66.2 ± 11.8 kg, body mass index 22.1 ± 2.0 kg/ m 2 ), in the same three conditions and body positions in which the patients were studied. A plastic bag with a volume of 250 ml containing 100 ml of water and equipped with a pressure transducer (Transpec IV L974; Abbott Ireland, Sligo, Ireland) was used. The zero of the pressure transducer was at the level of the plastic bag. In the supine position, pressure transducers were placed under the shoulders, the lumbar spine, and the sacrum. In the prone position, with and without the thoracopelvic supports, pressure transducers were placed in the corresponding positions, under the upper chest, the mesogastrium, and the pelvic region ( Figure 2 ).
Gas exchanges and hemodynamics
All variables were recorded at the end of each study period. Blood gas tensions in the arterial and central venous blood were analysed with a blood gas analyzer (IL-1312 Blood Gas Manager; Instrumentation Laboratory, Milan, Italy). Minute metabolic carbon dioxide production, partial pressure of CO 2 in mixed expired air, and end-tidal concentration of carbon dioxide were measured with a respiratory function monitor (CO 2 SMO™; Novametrix Medical Systems Inc., Wallingford, CT, USA). The venous admixture (estimated from the central venous blood values), the physiological dead space, and the alveolar dead space were computed from standard formulae. [18] .
End-expiratory lung volume and respiratory mechanics
EELVs at PEEP were measured with a simplified closed-circuit helium-dilution method, during an end-expiratory pause [19] . An anesthesia bag, filled with 1.5 liters of a known gas mixture (13% helium in oxygen) was connected to the airway opening previously clamped at end-expiration to maintain the PEEP level. Ten manual breaths were subsequently performed. Airway pressures were measured proximally to the endotracheal tube with a dedicated pressure transducer (MPX 2010 DP; Motorola, Phoenix, AZ, USA). Mean airway pressures were calculated as the area under the airway pressure-time trace, divided by the duration of each breath. Esophageal and gastric pressures were measured with two radio-opaque balloons inflated with 0.5 to 1.0 ml of air (SmartCath; Bicore, Irvine, CA, USA) connected to a pressure transducer (Bentley Trantec; Bentley Laboratories, Irvine, USA). The esophageal and gastric balloons were both positioned in the stomach with the use of an endotracheal tube inserted through the mouth as a guide through the pharynx. The esophageal balloon was then retracted until it reached the upper third of the esophagus. In addition, to ensure the correct position of the catheters, an inspiratory occlusion was made, so that a check for concordant changes in airway, esophageal, and gastric pressures could be made.
Respiratory flow rates were measured with a heated pneumotachograph (Fleisch no. 2; Fleisch, Lausanne, Switzerland) inserted between the proximal tip of the endotracheal tube and the Y-piece of the breathing circuit. Flow and pressure signals were recorded on a personal computer for subsequent analysis with dedicated software (Colligo; Elekton, Milan, Italy). Tidal volumes were obtained by mathematical integration of the measured flow signal. The static compliance of each component of the respiratory system -respiratory system, chest wall, and lung -was calculated as a chord compliance, using standard formulae, with the rapid occlusion method [20] . The end-inspiratory pause button of the ventilator was actioned until airway, esophageal, and gastric pressures decreased from their maximum value to an apparent plateau. Similarly, end-expiratory airway, esophageal, and gastric pressures were recorded after an end-expiratory hold maneuver.
Transpulmonary pressure was computed as the difference between airway pressure and esophageal pressure, and the transdiaphragmatic pressure as the difference between esophageal pressure and gastric pressure. Pleural pressure change, gastric pressure change, and transpulmonary pressure change were calculated as the differences between endinspiratory and end-expiratory esophageal pressure, gastric pressure, and transpulmonary pressure, respectively.
Intra-abdominal pressure was estimated by measuring the bladder pressure by the method of Cheatham and Safcsak [21] .
Statistical analysis
Data are shown as means ± SD. All data were analyzed with SAS software (version 8.2; SAS Institute, Cary, NC, USA).
The study design included a baseline condition (supine) and two treatments (prone without supports and prone with supports). The treatments were administered to each patient in a randomized order, in accordance with a crossover design.
The effect of the two treatments and of the sequence of their administration was evaluated with an analysis of variance for repeated measures, performed with the SAS MIXED procedure. In addition, each study treatment (prone with and without supports) was compared with baseline (supine) by using paired t tests.
To explore the possible association between pleural pressure change and several tested variables, we used the SAS MIXED procedure, building a mixed-effect linear model, in which each patient was treated as a random coefficient. This procedure yielded the parameters of a global regression model, as well as an indication (p value) of the significance of the association itself.
Results
Contact pressures
Contact pressures recorded in four healthy subjects in the supine and in the prone position with and without supports are summarized in Figure 2 . As shown, in shifting the subjects from the supine to the prone position without thoraco-pelvic supports, the contact pressures at thorax and sacrum/pubis did not change significantly, whereas pressures recorded at the abdominal wall surface increased (11.0 ± 1.8 versus 5.8 ± 2.9 cmH 2 O for the supine position). After application of the thoraco-pelvic supports the contact pressures at thorax and pubis increased significantly compared with those in the prone position without supports (29.0 ± 6.5 versus 17.0 ± 7.4 cmH 2 O and 28.3 ± 8.9 versus 4.5 ± 4.2 cmH 2 O, respectively) whereas the contact pressure at the abdominal wall surface was zero because the abdomen remained suspended.
End-expiratory lung volume and respiratory mechanics
The EELVs and the mechanics of the respiratory system, partitioned into the chest wall and lung components, are summarized in Table 3 . Shifting the patients from the supine to the prone position, without supports, led to a decreasing trend of chest wall compliance and to a significant increase in lung compliance. Adding the thoraco-pelvic supports in the prone position led to a further significant decrease in chest wall compliance and a significant increase in pleural pressure. We found no sequence effect (that is, prone after supine or supine after prone; see Figure 1 ) on lung volumes and respiratory mechanics variables. Table 4 summarizes the gas exchange variables in the supine and in the prone position with and without thoraco-pelvic supports. As shown, the oxygenation-related variables in the arterial and central venous blood improved significantly in shifting the patients from supine to prone without thoraco-pelvic supports. The application of thoraco-pelvic supports did not lead to any further significant change. No significant differences were observed in CO 2 -related variables between the supine and the prone position with or without thoraco-pelvic supports. We found no sequence effect on gas exchange variables.
Gas exchange
Hemodynamics
The application of thoraco-pelvic supports caused a significant increase in heart rate and a decrease in stroke volume index and in pulmonary artery pressures, in comparison with the prone position without supports. The other hemodynamic variables (notably cardiac index and systemic vascular resist- Results are means ± SD. a p ≤ 0.05 compared with supine; b p ≤ 0.05 compared with prone without supports. Results are means ± SD. IBW, ideal body weight; EELV, end-expiratory lung volume. a p ≤ 0.05 compared with supine; b p ≤ 0.05 compared with prone without supports; c difference between end-inspiration and end-expiration ance) were not affected by the application of thoraco-pelvic supports. There was no sequence effect on hemodynamic variables. We observed a significant association between the level of pleural pressure change and heart rate (p = 0.0003) and between pleural pressure change and stroke volume index (p = 0.0241) (see Figure 3 and Table 5 ).
Discussion
In the present study we found that the prone position with thoraco-pelvic supports, as compared with the prone position without supports, did not affect gas exchange and lung volume but decreased the chest wall compliance, increased the pleural pressure and slightly modified the hemodynamic pattern (heart rate and stroke volume index). In addition, we confirmed the positive effects of the prone position on oxygenation when shifting ALI/ARDS patients from the supine to the prone position, as largely documented in the literature [4, 5] .
Mechanics of the respiratory system
When, in previous studies, we directly investigated chest wall displacements by optoelectronic plethysmography we found that both in spontaneously breathing subjects and in paralysed patients with ALI/ARDS in the supine position, the ribcage accounted for about 37% of the chest wall displacement and the abdomen for 63% (that is, the ribcage compliance and abdominal wall compliance were 37% and 63%, respectively, of the whole chest wall compliance) [22, 23] . When the subjects were moved to the prone position without pelvic supports, the ribcage accounted for 46.5% of the chest wall displacement, and the abdomen for 53.5% [23] . In experimental animals, too, with a computed tomography scan we found a more even distribution of chest wall displacement [24] when shifting from supine to prone.
If we apply these figures to our actual patients we can estimate that in the supine position the ribcage compliance would have been 86.8 ± 56.3 ml/cmH 2 O and the abdominal wall compliance 148.4 ± 96.2 ml/cmH 2 O (total chest wall compliance 235.2 ± 152.5 ml/cmH 2 O), whereas in the prone position they would have been 73.5 ± 36.2 and 84.6 ± 41.6 ml/cmH 2 O, respectively (total chest wall compliance 158.1 ± 77.8 ml/ cmH 2 O). This suggests that, in shifting from supine to prone without thoraco-pelvic supports, the decrease in abdominal wall compliance accounts for most of the decrease in chest wall compliance. If so, the use of thoraco-pelvic supports, which allows free movement of the abdominal wall, should be mostly indicated. In contrast, we found that applying the thoraco-pelvic supports led to a further decrease in chest wall compliance. Thus, at least in patients with ALI/ARDS, when using thoraco-pelvic supports, the possible improvement in abdominal chest wall compliance may be offset by the greater decrease of the ribcage compliance, possibly as a result of the increased contact pressures at the ribcage. In addition, the expected improvement in abdominal wall compliance with thoraco-pelvic supports could be lower than expected because of the greater baseline distension of the unsupported abdominal wall and the possible effects of pelvic supports on the lower abdominal mechanics.
Lung volumes, gas exchange and hemodynamics
In the present study, as shown previously [4, 5] , the oxygenation variables increased significantly when the patients were shifted from supine to prone without thoraco-pelvic supports, but did not change when the supports were added. The average EELVs did not change in any position. However, the lung volume increased in some patients after being moved from the supine to the prone position, whereas in others it decreased, suggesting different individual interactions between the opposite effects of the prone position on recruitment (increased lung gas volume) and on increased pleural pressure (decreased transpulmonary pressure). We found that several hemodynamic variables changed significantly between the use and the non-use of supports in the prone position. Although we do not have direct evidence, we speculate that the independent variable that caused the hemodynamic changes is the increase in intrathoracic pressure associated with the use of thoraco-pelvic supports. The hemodynamic changes, in fact, are compatible with the homeostatic response to an initial decrease in effective circulating volume induced by an increase in pleural pressure. The correlation we found between the progressive increase in pleural pressure change and the decrease in stroke volume and increase in heart rate supports this hypothesis.
Clinical implications
One of the major complications related to the prone position are pressure sores, usually located at the weight-bearing sites such as the bony prominences where the contact pressures are the highest [4, 5, 25] . A relationship between pressure sores and the duration and magnitude of the contact pressure has been shown [26] . In patients in the prone position, a significantly higher number of new or worsening pressure sores has been found in comparison with the supine position [4, 5, 27] . The use of thoraco-pelvic supports, by increasing the contact pressures, because of a lower contact surface compared with lying with the body directly on the air-cushioned beds, could potentially increase skin-tissue damage.
Conclusion
This study suggests that the prone position primarily induces changes in pleural pressure, probably by modifying the geometry and mechanics of the chest wall. Adding the thoraco-pelvic supports does not provide any advantage in oxygenation but increases the pleural pressure. Moreover, although not investigated in this short-term study, increased contact pressures at the interface between the thoraco-pelvic supports and the body may increase, with time, the likelihood of pressure sores. Indeed, in clinical practice, we have stopped using thoraco-pelvic supports in the prone position.
Key messages
• The prone position is a recognized rescue therapy for severe hypoxemia in ARDS.
• Allowing free abdominal movement should improve lung mechanics and gas exchange on a theoretical basis.
• This hypothesis was tested by studying respiratory mechanics (partitioned into lung and chest wall components), gas exchange and hemodynamics with and without thoraco-pelvic supports.
• We could not show any benefit from using thoraco-pelvic supports.
• Thoraco-pelvic supports are useless in ARDS patients in the prone position and merely increase the likelihood of pressure sores, as a result of increased contact pressures.
